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(57) A piezoelectric thin film resonator (1) having a 
stabilized temperature characteristic of resonant fre- 
quency, a method for manufacturing the same, and a 
communication apparatus using the piezoelectric thin 
film resonator are provided. The piezoelectric thin film 
resonator is provided with a substrate (2) having an 
opening, first (6) and second (7) insulation films which 
are provided on one surface of the substrate (2) while 
covering the opening (5) and which primarily include 
SiOg and AlgOg, respectively, At203 having oxygen de- 
fect and being in an amorphous state, and a piezoelec- 
tric thin film (10) which is provided on the second insu- 
lation (8) film and is sandwiched between electrodes (8, 
9) and which primarily includes ZnO. 



FIG. 1 
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Description 

BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

[0001] The present invention relates to a piezoelectric resonator, a piezoelectric filter including a piezoelectric res- 
onator, a duplexer, a communication apparatus, and a method for manufacturing a piezoelectric resonator 

10 2. Description of the Related Art 

[0002] A piezoelectric resonator provided with a piezoelectric thin film on a substrate has been used as a filter for a 
communication device. 

[0003] Some piezoelectric resonators include piezoelectric vibration portions in which a piezoelectric thin film is sand- 
's wiched between opposed upper and lower electrodes, and a high-frequency signal Is applied to the sandwiched pie- 
zoelectric thin film via the electrodes such that the piezoelectric thin film vibrates in a thickness vibration mode. Exam- 
ples of such piezoelectric resonators include a diaphragm type piezoelectric resonator having an opening in a substrate 
which is covered with a diaphragm made of laminated thin films, and the piezoelectric vibration portion is supported 
by this diaphragm. 

20 [0004] Fig. 42 is a sectional view showing the structure of a conventional piezoelectric resonator (see, for example, 
Japanese Unexamined Patent Application Publication No. 2001-279438). 

[0005] This piezoelectric resonator includes a substrate 201, a plurality of substrate films 202 and 203, a pair of 
electrodes 204 and 206, and a piezoelectric thin film 205. Since the substrate film is defined by a plurality of layers as 
described above, each substrate film shares functions, for example, chemical stability and adhesiveness, and as a 

25 result, improvement of the performance and reliability of the piezoelectric resonator are achieved. 

[0006] Furthermore, some piezoelectric resonators include piezoelectric vibration portions in which a piezoelectric 
thin film is sandwiched between opposed upper and lower electrodes, and a high-frequency signal is applied to the 
sandwiched piezoelectric thin film via the electrodes and, therefore, the piezoelectric thin film vibrates in a thickness 
vibration mode. Examples of such piezoelectric resonators include a diaphragm type piezoelectric resonator having a 

30 structure in which an opening of a substrate is covered with a diaphragm made of laminated thin films, and the piezo- 
electric vibration portion is supported by this diaphragm. 

[0007] In some piezoelectric resonators having a diaphragm structure, the residual stress during diaph ragm fomriation 
is adjusted to be nearly zero and, thereby, the resonant characteristics are improved, or the diaphragm surface is 
flattened with high precision and, thereby, the resonant characteristics are improved (see, for example, Japanese 
35 Unexamined Patent Application Publication No. 2000-244030). 

[0008] Japanese Unexamined Patent Application Publication No. 2001-279438 discloses an example of a piezoe- 
lectric resonator In which the lower substrate film 202 of a plurality of substrate films is made of SiNx. the upper substrate 
film is made of AI2O3, and the piezoelectric thin film is made of ZnO. 

[0009] However, regarding the configuration of such a conventional piezoelectric resonator, since each of the tem- 
40 perature coefficient of resonant frequencies (TCF) of SiNx, AlgOg, and ZnO has a negative value, when the substrate 
films 202 and 203 made of SiNx and AlgOa are combined with the piezoelectric thin film 205, the temperature coefficient 
of resonant frequency in the basic mode is deteriorated. 

[0010] Furthermore, regarding the piezoelectric resonator in which the residual stress during diaphragm fomnation 
is adjusted to be neariy zero, when the diaphragm surface is not flat, the crystallinity and orientation property of the 
^5 piezoelectric vibration portion are reduced and, therefore, the resonant characteristics cannot be sufficiently improved. 
Regarding the piezoelectric resonator in which the diaphragm surface is flattened, when the stress remains, the res- 
onant characteristics cannot be sufficiently improved. 

SUMMARY OF THE INVENTION 

so 

[0011] In order to overcome the problems described above, preferred embodiments of the present invention provide 
a piezoelectric resonator having a stabilized temperature characteristic of resonant frequency, a method for manufac- 
turing such a novel piezoelectric resonator, a piezoelectric filter including the novel piezoelectric resonator, a duplexer, 
and a communication apparatus. 
55 [0012] Furthermore, preferred embodiments of the present invention provide a piezoelectric resonator having re- 
duced residual stress in a diaphragm and improved flatness of the diaphragm surface and, therefore, having outstand- 
ing resonant characteristics. 

[0013] A piezoelectric resonator according to a preferred embodiment of the present invention includes a substrate 
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and a vibration portion provided on the substrate, the vibration portion having a structure in which top and bottom 
surfaces of a thin film portion including at least one layer of piezoelectric thin film are sandwiched between at least a 
pair of upper and lower electrodes facing each other in the thickness direction, wherein first and second insulation films 
are arranged between the substrate and the vibration portion, and the temperature coefficient of resonant frequency 
5 of one of the first insulation film, the second insulation film, and the piezoelectric thin film and the temperature coeffi- 
cients of resonant frequencies of the others have opposite signs. 

[0014] According to preferred embodiments of the present invention, since the first and second insulation films and 
the piezoelectric thin film are defined by the film having a positive temperature coefficient of resonant frequency and 
the film having a negative temperature coefficient of resonant frequency, by setting the film thickness ratio thereof at 
10 a proper value, the temperature coefficient of resonant frequency Is reduced and, therefore, the frequency temperature 
characteristic of the entire piezoelectric resonator is stabilized. 

[0015] Preferably, in the piezoelectric resonator according to this preferred embodiment the present invention, one 

of the first and second insulation films primarily includes AI2O3 or SiOg, or the first insulation film primarily includes 

AI2O3 and the second insulation film primarily includes Si02. 
15 [0016] In this case, since the insulation film primarily including SiOg is subject to a compressive stress while the 

insulation film primarily including AI2O3 is subject to a tensile stress, the stress of the entire piezoelectric resonator Is 

controlled, and since AI2O3 has a high thermal conductivity and outstanding exoergic compared with those of Si02. 

etc. , the temperature increase of an element due to an input electric power can be reduced and, therefore, outstanding 

eleclric-power resistance can be achieved. 
20 [0017] Preferably, in the piezoelectric resonator according to this preferred embodiment of the present invention, the 

arithmetic average surface roughness (Ra) of the lower electrode is preferably about 2.5 nm or less. With this arithmetic 

average the piezoelectric resonator achieves a Q of at least about 200. The arithmetic average surface roughness 

(Ra) is defined by the stipulation of JIS B0601 -2001 . 

[0018] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
25 upper layer of the first and second insulation films primarily includes AI2O3, and the arithmetic average surface rough- 
ness (Ra) thereof is about 1 .0 nm or less. According to this feature, the arithmetic average surface roughness (Ra) of 
the lower electrode provided on the upper layer insulation film is preferably about 2.5 nm or less, and the piezoelectric 

resonator achieves a Q of at least about 200. 

[0019] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
30 upper layer of the first and second insulation films primarily includes AI2O3, and the stress therein is between about 
250 MPa and about 400 MPa on a tensile stress basis. According to this feature, since film formation of the lower 
electrode provided on the upper layer insulation film is performed with outstanding orientation properties, a piezoelectric 

resonator having outstanding resonant characteristics is produced. 

[0020] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
35 upper layer of the first and second insulation films primarily includes SiOg, and the arithmetic average surface roughness 
(Ra) thereof is about 1 .0 nm or less. According to this feature, the arithmetic average surface roughness (Ra) of the 
lower electrode provided on the upper layer insulation film is preferably about 2.5 nm or less, and the piezoelectric 
resonator achieves a Q of at least about 200. 

[0021] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
•^0 upper layer of the first and second insulation films primarily includes Si02, and the stress therein is about 250 MPa or 
less on a compressive stress basis. According to this feature, since film formation of the lower electrode provided on 
the upper layer insulation film is performed with outstanding orientation properties, a piezoelectric resonator having 
outstanding resonant characteristics is produced. 

[0022] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
•^5 first insulation film is an-anged as the upper layer, the second insulation film is arranged as the lower layer, the film 
thickness ratio of piezoelectric thin film / (the first insulation film and second insulation film) Is about 0.7 to about 1 .2, 
and the film thickness ratio of the second insulation film / the first insulation film is between about 1 and about 3. 
According to this feature, since film formation of the lower electrode provided on the upper layer insulation film is 
performed with outstanding orientation , a piezoelectric resonator having outstanding resonant characteristics is pro- 
50 duced. 

[0023] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
first insulation film is arranged as the lower layer, the second insulation film is arranged as the upper layer, the film 
thickness ratio of piezoelectric thin film / (the first insulation film and second insulation film) is about 0.7 to about 1 .2, 
and the film thickness ratio of the second insulation film / the first insulation film is between about 1 and about 3. 
55 According to this, since film formation of the lower electrode provided on the upper layer insulation film is perfonned 
with outstanding orientation, a piezoelectric resonator having outstanding resonant characteristics is produced. 
[0024] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, an 
anti-oxidation film is provided on the lower electrode. In this case, preferably, the anti-oxidation film is made of a metal 
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primarily including any one selected from the group consisting of Au. Ru. Rh, Pd, Os, Ir, and Pt. In this case, preferably, 
the lower electrode is nnade of a metal primarily including any one selected from the group consisting of Al, Ni. Fe, Mn, 
Cu, Ti, Mo, 73: and Ag. In this case, preferably, the anti -oxidation film is made of a metal primarily including Au, the 
lower electrode is made of a metal primarily including Al. and a diffusion prevention film is arranged between the antl- 

5 oxidation film and the lower electrode. In this case, preferably, the diffusion prevention film is made of a metal primarily 
including any one selected from the group consisting of Ag, Ru, Rh, Pd, Os, Ir, R, Mo, and Ti. 
[0025] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, AI2O3 
in the first or second insulation film has an oxygen defect. In this case, preferably, AI2O3 in the first or second insulation 
film has oxygen defect, and the value of defect is within the range of about 0.05 < x < about 0,5 in terms of AI2O3.X. 

10 Although AlgOg has a negative temperature-coefficient, when AI2O3 in the Insulation film is configured to have an 
oxygen defect as described above, AI2O3 has a positive temperature coefficient caused by the oxygen defect. 
[0026] Preferably, in the piezoelectric resonator according to preferred embodiments of the present Invention, AI2O3 
in the first or second insulation film is in an amorphous state. Although AI2O3 has a negative temperature coefficient, 
since AI2O3 Is in an amorphous state as described above, AI2O3 has a positive temperature coefficient. 

15 [0027] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
piezoelectric thin film primarily includes ZnO or AIN. According to this feature, an outstanding frequency temperature 
characteristic is achieved by combining the first and second insulation films with the piezoelectric thin film primarily 
including ZnO or AIN. 

[0028] Preferably, In the piezoelectric resonator according to preferred embodiments of the present invention, the 
20 substrate has an opening or a concavity, and the vibration portion is arranged on the opening or concavity. According 
to this feature, the piezoelectric resonator provided with the vibration portion on the opening or concavity of the substrate 
has a greatly reduced temperature coefficient of resonant frequency and. therefore, the frequency temperature char- 
acteristics are stabilized. 

[0029] A piezoelectric filter, duplexer, and communication apparatus according to preferred embodiments of the 
25 present invention include the piezoelectric resonator according to preferred embodiments of the present invention. 
According to this feature, the piezoelectric filter, duplexer, and communication apparatus according to preferred em- 
bodiments of the present invention have outstahding frequency temperature characteristics and resonant character- 
istics. 

[0030] A method according to another preferred embodiment for manufacturing a piezoelectric resonator including 
30 a substrate, first and second insulation films provided on the substrate, and a structure which Is provided on the first 
and second insulation films and in which top and bottom surfaces of a thin film portion including at least one layer of 
piezoelectric thin film are sandwiched between at least a pair of upper and lower electrodes facing each other in the 
thickness direction, includes the step of forming an insulation film primarily including AI2O3 by a vacuum evaporation 
method while the pressure in a film formation apparatus before the start of film formation is less than about 3.0 x 10"^ 
35 Pa, wherein the insulation film primarily including AI2O3 Is the upper layer of the first and second insulation films. 
According to this method, a piezoelectric resonator having an outstanding frequency temperature characteristic is 
efficiently manufactured. 

[0031] Another method according to another preferred embodiment of the present invention for manufacturing a 
piezoelectric resonator including a substrate, first and second insulation films provided on the substrate, and a structure 

40 which is provided on the first and second insulation films and in which top and bottom surfaces of a thin film portion 
including at least one layer of piezoelectric thin film are sandwiched between at least a pair of upper and lower electrodes 
facing each other in the thickness direction. Includes the step of forming an insulation film primarily Including AI2O3 by 
an electron beam evaporation method at a film thickness growth rate of about 0.6 nm/secto about 1 .0 nm/sec, wherein 
the insulation film primarily including AI2O3 is the upper layer of the first and second insulation films. According to this 

45 method, a piezoelectric resonator having an outstanding frequency temperature characteristic is efficiently manufac- 
tured. 

[0032] A further method according to another preferred embodiment of the present invention for manufacturing a 
piezoelectric resonator including a substrate, first and second insulation films provided on the substrate, and a structure 
which Is provided on the first and second insulation films and in which top and bottom surfaces of a thin film portion 

so including at least one layer of piezoelectric thin film are sandwiched between at least a pair of upper and lower electrodes 
facing each other in the thickness direction, includes the step of forming an insulation film primarily including Si02 by 
an RF magnetron sputtering method while the power density is within the range of about 2.0 W/cm^ to about 8.5 W/ 
cm2, wherein the insulation film primarily including SiOg is the upper layer of the first and second insulation films. In 
this case, the gas pressure during film formation by the RF magnetron sputtering method is preferably about 0.6 Pa 

55 or less. According to this method, a piezoelectric resonator having an outstanding frequency temperature characteristic 
is efficiently manufactured. 

[0033] A piezoelectric resonator according to another preferred embodiment of the present invention includes a 
substrate, an insulation film provided on the substrate, and a vibration portion which is provided on the insulation film. 
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the vibration portion having a structure in which top and bottom surfaces of a thin film portion Including at least one 
layer of piezoelectric thin film are sandwiched between at least a pair of upper and lower electrodes facing each other 
in the thickness direction, wherein the arithmetic average surface roughness (Ra) of the lower electrode is about 2.5 
nm or less. 

5 [0034] Here, the average surface roughness (Ra) on an arithmetic average surface roughness basis Is defined by 
the stipulation of JIS B0601-2001 . 

[0035] In the piezoelectric resonator according to this preferred embodiment of the present invention, since the arith- 
metic average surface roughness (Ra) of the lower electrode is about 2.5 nm or less, the lower electrode has greatly 
improved flatness. Consequently, film fonmation of the piezoelectric vibration portion located on the insulation film is 
10 perfonned with outstanding crystallinity and orientation properties and, therefore, outstanding resonant characteristics 
are achieved. 

[0036] Preferably, in the piezoelectric resonator according to this prefenred embodiment of the present invention, the 
surface of the insulation film has an arithmetic average surface roughness (Ra) of about 1 .0 nm or less, the stress in 
the insulation film is preferably about 250 MPa or less on a compressive stress basis and about 400 MPa or less on 

15 a tensile stress basis. According to this feature, the flatness of the lower electrode is further improved, film fomriation 
of the piezoelectric vibration portion formed on the insulation film is pertomned with outstanding crystallinity and orien- 
tation properties and. therefore, further improved resonant characteristics are achieved. In addition^ since the stress 
in the insulation film is small, breakage of the insulation film itself and breakage of the piezoelectric vibration portion 
due to the stress is eliminated. Consequently, since degradation of characteristics and failure of the vibration portion 

20 being warped due to the stress is prevented and, in addition, breakage of the vibration portion due to the stress is 
prevented, and thus^ the conforming item rate of the piezoelectric resonators is greatly improved. 
[0037] Preferably, in the piezoelectric resonator according to this preferred embodiment of the present invention, the 
insulation film primarily includes AI2O3, and the arithmetic average surface roughness (Ra) thereof is about 1 .0 nm or 
less. 

25 [0038] Preferably, in the piezoelectric resonator according to this preferred embodiment of the present invention, the 
insulation film primarily includes AI2O3. and the stress therein is 250 MPa or more, but 400 MPa or less on a tensile 
stress basis. 

[0039] Preferably, in the piezoelectric resonator according to prefen-ed embodiments of the present invention, the 
insulation film primarily includes SiOg, and the arithmetic average surface roughness (Ra) thereof is about 1 .0 nm or 
30 less. 

[0040] Preferably, in the piezoelectric resonator according to prefen-ed embodiments of the present Invention, the 
insulation film primarily includes SiOs, and the stress therein is about 250 MPa or less on a compressive stress basis. 
[0041] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, an 
anti-oxidation film is provided on the lower electrode. In this case, preferably, the anti-oxidation film is made of a metal 

35 primarily including any one selected from the group consisting of Au, Ru, Rh, Pd, Os. Ir, and Pt. In this case, preferably, 
the lower electrode is made of a metal primarily including any one selected from the group consisting of Al, Ni, Fe, Mn, 
Cu, Ti, Mo, W, Ta, and Ag. In this case, preferably, the anti-oxidation film is made of a metal primarily containing Au, 
the lower electrode is made of a metal primarily including Al, and a diffusion prevention film is arranged between the 
anti-oxidation film and the lower electrode. This diffusion prevention film Is preferably made of a metal primarily con- 

40 taining any one selected from the group consisting of Ag. Ru, Rh, Pd, Os, Ir, Pt, Mo, and Ti. 

[0042] Preferably, in the piezoelectric resonator according to prefen-ed embodiments of the present invention, the 
substrate includes an opening or a concavity, and the vibration portion is arranged on the opening or concavity. 
[0043] Preferably, in the piezoelectric resonator according to preferred embodiments of the present invention, the 
surface of the insulation film preferably has an arithmetic average surface roughness (Ra) of about 0.7 nm or less, and 

45 optimally, has an arithmetic average surface roughness (Ra) of about 0.4 nm or less. Preferably, the stress in the 
insulation film is preferably about 200 MPa or less on a compressive stress basis, and optimally, about 1 70 MPa or less. 
[0044] A piezoelectric filter according to preferred embodiments of the present invention is provided with the piezo- 
electric resonator according to preferred embodiments of the present Invention as a filter element. Another piezoelectric 
filter according to preferred embodiments of the present invention is provided with a plurality of piezoelectric resonators 

50 according to preferred embodiments of the present invention as filter elements, and these filter elements are connected 
so as to have a ladder type configuration. A duplexer according to preferred embodiments of the present invention is 
provided with the piezoelectric resonator according to preferred embodiments of the present invention. Furthermore, 
another duplexer according to preferred embodiments of the present invention is provided with the piezoelectric filter 
according to preferred embodiments of the present invention. 

55 [0045] The piezoelectric filter and duplexer according to preferred embodiments of the present invention is provided 
with the piezoelectric resonator having outstanding characteristics and, therefore, when adopted for communication 
apparatuses, outstanding perfonnance is achieved regarding the functions as a filter and switching of signals. 
[0046] Yet another method according to another preferred embodiment of the present invention for manufacturing a 
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piezoelectric resonator including a substrate, an insulation film provided on the substrate, and a vibration portion pro- 
vided on the insulation film, the vibration portion having a structure in which top and bottom surfaces of a thin film 
portion including at least one layer of piezoelectric thin film are sandwiched between at least a pair of upper and lower 
electrodes facing each other in the thickness direction. Includes a step of forming the insulation film from silicon oxide 

5 as a primary component by an RF magnetron sputtering method while the power density is within the range of about 
2.0 W/cm2 to about 8.5 W/cm^ and forming the piezoelectric thin film from zinc oxide as a primary component. 
[0047] According to this method for manufacturing a piezoelectric resonator, since the insulation film is formed by 
the RF magnetron sputtering method in the condition that the power density thereof is large, the stress is adjusted to 
be small, and film formation is performed with outstanding flatness of the surface. 

10 [0048] In this method for manufacturing a piezoelectric resonator, the gas pressure during film formation by the RF 
magnetron sputtering method is preferably about 0.6 Pa or less. Here, the gas pressure refers to a gas pressure in a 
film formation apparatus when film formation is performed by the RF magnetron sputtering method. According to the 
RF magnetron sputtering method, in general, a dense and smooth film (that is, a film having a small arithmetic average 
surface roughness (Ra)) is formed. 

15 [0049] A further method according to another preferred embodiment of the present invention for manufacturing a 
piezoelectric resonator including a substrate, first and second insulation films provided on the substrate, and a vibration 
portion provided on the first and second insulation films, the vibration portion having a structure in which top and bottom 
surfaces of a thin film portion including at least one layer of piezoelectric thin film are sandwiched between at least a 
pair of upper and lower electrodes facing each other in the thickness direction, includes the step of forming an insulation 

20 film primarily including AI2O3 by a vacuum evaporation method while the pressure in a film formation apparatus before 
the start of film fonnation is preferably less than about 3.0 x 10'"* Pa, wherein the insulation film primarily including 
AI2O3 is the upper layer of the first and second insulation films. 

[0050] According to this method for manufacturing a piezoelectric resonator, the surface of the insulation film is 
flattened and, in addition, the stress is greatly reduced. 

25 [0051] Another method according to another preferred embodiment of the present invention for manufacturing a 
piezoelectric resonator including a substrate, an insulation film provided on the substrate, and a vibration portion pro- 
vided on the insulation film, the vibration portion having a structure in which top and bottom surfaces of a thin film 
portion including at least one layer of piezoelectric thin film are sandwiched between at least a pair of upper and lower 
electrodes facing each other in the thickness direction , includes the first step of forming the insulation film from aluminum 

30 oxide as a primary component by an electron beam evaporation method at a film thickness growth rate within the range 
of about 0.6 m/sec to about 1 .0 nm/sec and the second step of forming the piezoelectric thin film from zinc oxide as a 
primary component. 

[0052] According to this method for manufacturing a piezoelectric resonator, the surface of the insulation film is 
flattened and, in addition, the stress is greatly reduced. 
35 [0053] Other features, elements, steps, characteristics and advantages of the present invention will become more 
apparent from the following detailed description of preferred embodiments thereof with reference to the attached draw- 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 

[0054] 

Fig. 1 is a sectional view of a piezoelectric resonator according to a preferred embodiment of the present invention. 
Fig. 2 is a sectional view of a piezoelectric resonator according to another preferred embodiment of the present 
45 Invention. 

Fig. 3 is a sectional view of a piezoelectric resonator having a two-layer structure of ZnO and SlOg without an 
AI2O3 film. 

Fig. 4 includes graphs showing the relationship between the film thickness ratio of piezoelectric thin film /insulation 
film and Q, k^, and TCF in the upper, middle, and lower columns, respectively, with changes in film thickness ratio 
so of SiOg film to AI2O3 film where the upper layer of the insulation film is the SiOg film and the lower layer is the 

AI2O3 film. 

Fig. 5 includes graphs showing the relationship between the film thickness ratio of piezoelectric thin film /insulation 
film and Q, k^, and TCF in the upper, middle, and lower columns, respectively, with changes in film thickness ratio 
of SiOg film to AI2O3 film where the upper layer of the insulation film is the AI2O3 film and the lower layer is the 
55 Si02 film. 

Figs. 6A and 6Bshow displacement diagrams of vibration in a vibration portion including an insulation film. In the 
drawings, the axis of abscissas indicates the vibration portion while the thickness widths of the insulation film, 
piezoelectric film, and electrode film in the thickness direction correspond to the horizontal widths, and the axis of 
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ordinates indicates the displacement of vibration. Fig. 6A shows the case where the lower layer of the insulation 
film is an Ai203 film and the upper layer of the insulation film is a Si02 film. Fig. 6B shows the case where the 
lower layer of the insulation film is a SiO^ film and the upper layer of the insulation film is an AI2O3 film. 
Fig. 7 is a sectional view of a piezoelectric resonator according to another preferred embodiment of the present 
5 invention. 

Fig. 8 is a graph showing the relationship between the surface roughness of a tower electrode and the rocking 
curve half-width of a piezoelectric thin film. 

Fig. 9 is a graph showing the relationship between the surface roughness of a lower electrode and the Q. 

Fig. 10 is a graph showing the relationship between the surface roughness of the upper layer insulation film and 

10 the surface roughness of a lower electrode. 

Fig. 11 is a graph showing the relationship between the film formation rate and the tensile stress and the relationship 
between the film formation rate and the surface roughness in a preferred embodiment of the present invention. 
Fig. 12 is a graph showing the relationship between the degree of vacuum in an apparatus and the tensile stress 
and the relationship between the film fomriation rate and the surface roughness in a preferred embodiment of the 

15 present invention. 

Fig. 13 is a graph showing the relationship between the RF power density and the stress in an insulation film 
regarding film formation of the insulation film by an RF magnetron sputtering method In a preferred embodiment 
of the present invention. 

Fig. 14 is a graph showing the relationship between the RF power density and the arithmetic average surface 
20 roughness (Ra) of the insulation film surface regarding film formation of the insulation film by an RF magnetron 

sputtering method in a preferred embodiment of the present invention. 

Fig. 15 is a graph showing the relationship between the RF power density and the resonant characteristic Q re- 
garding film formation of the insulation film by an RF magnetron sputtering method in a preferred embodiment of 
the present invention. 

25 Fig. 16 is a sectional view showing a piezoelectric resonator according to another preferred embodiment of the 

present invention provided with an anti-oxidation film on a lower electrode. 

Fig. 17 is a sectional view showing a piezoelectric resonator according to another preferred embodiment of the 
present invention provided with a diffusion prevention film arranged on a lower electrode and an anti-oxidation film 
arranged on the diffusion prevention film. 
30 Figs. 18A to 18C are configu rational diagrams of filters using a piezoelectric resonator according to preferred 

embodiments of the present invention. 

Fig. 1 9 is a schematic view showing a duplexer using a piezoelectric resonator according to preferred embodiments 
of the present invention. 

Fig. 20 is a vertical front view showing an example of a piezoelectric resonator according to a preferred embodiment 
35 of the present invention. 

Fig. 21 is a graph showing the relationship between the surface roughness of a lower electrode and the rocking 
curve half-width of a piezoelectric thin film. 

Fig. 22 is a graph showing the relationship between the surface roughness of a lower electrode and the Q. 

Fig. 23 is a graph showing the relationship between the surface roughness of an insulation film and the surface 

40 roughness of a lower electrode. 

Figs. 24A to 24F are vertical front views showing manufacturing steps of the piezoelectric resonator shown in Fig. 1 . 
Fig. 25 is a graph showing the relationship between the RF power density and the compressive stress in an insu- 
lation film regarding film formation of the insulation film by an RF magnetron sputtering method. 
Fig. 26 is a graph showing the relationship between the RF power density and the arithmetic average surface 

45 roughness (Ra) of the insulation film surface regarding film formation of the insulation film by an RF magnetron 

sputtering method. 

Fig. 27 is a graph showing the relationship between the RF power density and the resonant characteristic Q re- 
garding film formation of the insulation film by an RF magnetron sputtering method. 

Fig. 28 is a graph showing the relationship between the arithmetic average surface roughness (Ra) of the insulation 
50 fiinn surface formed by an RF magnetron sputtering method and the resonant characteristic Q and, in addition, the 

stress in the insulation film. 

Fig. 29 is a graph showing the relationship between the film formation rate and the tensile stress and the relationship 
between the film formation rate and the surface roughness in a preferred embodiment according to the present 
invention. 

55 Fig. 30 is a graph showing the relationship between the degree of vacuum in an apparatus and the tensile stress 

and the relationship between the film fomnation rate and the surface roughness in a preferred embodiment accord- 
ing to the present invention. 

Fig. 31 is a vertical front view showing another preferred embodiment of a piezoelectric resonator according to the 



7 



BNSDOCID: <EP 132e332A2J_> 



EP 1 326 332 A2 



present invention. 

Fig. 32 is a sectional view showing a piezoelectric resonator according to another prefen^ed embodiment of the 
present invention provided with an anti-oxidation film on a lower electrode. 

Fig. 33 is a sectional view showing a piezoelectric resonator according to another preferred embodiment of the 
5 present invention provided with a diffusion prevention film arranged on a lower electrode and an anti-oxidation film 

arranged on the diffusion prevention film. 

Fig. 34 is a schematic plan view showing an example of a piezoelectric filter according to preferred embodiments 
of the present invention. 

Fig. 35 is a sectional view of the section indicated by a line A-A In Fig. 34 of the piezoelectric filter shown In Fig. 34. 
10 Fig. 36 is a circuit diagram of the piezoelectric filter shown in Fig. 34. 

Fig. 37 is a circuit diagram of another piezoelectric filter. 
Fig. 38 is a circuit diagram of another piezoelectric filter. 

Fig. 39 Is a schematic Illustrative view showing a duplexer according to a preferred embodiment of the present 
invention. 

15 Fig. 40 is a schematic illustrative view showing a communication apparatus according to a preferred embodiment 

of the present invention. 

Fig. 41 is a vertical front view showing a modified example of a piezoelectric filter according to preferred embod- 
iments of the present invention. 

Fig. 42 is a sectional view of a conventional piezoelectric resonator. 

20 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[0055] Preferred embodiments of the present invention will be described below with reference to the drawings. 

25 First Prefen-ed Embodiment 

[0056] Fig. 1 is a sectional view showing the structure of a piezoelectric resonator according to a preferred embod- 
iment of the present invention. 

[0057] The piezoelectric resonator 1 of the present preferred embodiment is provided with a substrate 2, insulation 

30 thin film 3, and piezoelectric element portion 4. 

[0058] The substrate 2 is made of silicon, for example, and has an opening 5 penetrating the top and bottom surfaces 
corresponding to a vibration portion. The insulation thin film 3 is arranged on the substrate 2 while covering the opening 
5, and has a SiOg film 6 primarily including SlOg as a first Insulation thin film and an AI2O3 film 7 primarily Including 
AI2O3 as a second insulation thin film. 

35 [0059] The piezoelectric element portion 4 is defined by a piezoelectric thin film 1 0 which primarily Includes ZnO and 
which is sandwiched between a pair of upper and lower electrodes 8 and 9. 

[0060] The piezoelectric resonator 1 of the present preferred embodiment is provided with the Si02 film 6, AI2O3 film 
7, and the piezoelectric thin film 10 primarily including ZnO. Since SiOg has a positive temperature coefficient, AI2O3 
has a negative temperature coefficient, and ZnO has a negative temperature coefficient, the temperature coefficient 
40 of resonant frequency is reduced to close to zero and, therefore, the temperature coefficient of resonant frequency is 
stabilized by property setting the film thickness ratio among them. The stress In the AI2O3 film 7 is a tensile stress of 
between about 250 MPa and about 400 MPa. 

[0061] Table 1 shows the relationship between the film thickness ratio and the frequency temperature characteristic 
of this piezoelectric resonator 1 . In Table 1 , T2nc/TAt203^Si02 indicates the film thickness ratio of the piezoelectric thin 
45 film 10. AI2O3 film 7. and SiOa film 6. 



Table 1 



Structure Film thickness ratio 


Frequency temperature characteristic (ppm/**C) 


T2nc/TA1203^Si02 = 0.46/0.15/0.39 


about 3 


T2nc/l'AI203^Si02 = 0.51/0.19/0.30 


about 6 



[0062] As is clear from Table 1 , the temperature coefficients are relatively small positive values. 
[0063] Table 2 shows the relationship between the film thickness ratio and the resonant characteristics of this pie- 
zoelectric resonator 1. In Table 2, each of the characteristics Q, k^, and Q x k^ is shown with respect to the film 
thickness ratio of the piezoelectric thin film 10, AI2O3 film 7, and Si02 film 6, T2nc/T'A!203^Si02- Table 2, the char- 
acteristics with respect to the film thickness ratio of the piezoelectric thin film 10, Si02 film 6, and AI2O3 film 7, T^no^ 
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^si02^Ai203' ^ piezoelectric resonator 1 ' of another preferred embodiment of the present invention are shown, where- 
in as shown in Fig. 2. the constituent materials of the first and second insulation thin films are interchanged, that is, 
the first insulation thin film is specified to be the AI2O3 film 7 primarily including AI2O3, and the second insulation thin 
film is specified to be the Si02 film 6 primarily including SiOg and. in addition, for purposes of comparison, the char- 
acteristics with respect to the two-layer structure of ZnO and SiOg without formation of AI2O3 as shown in Fig. 3 are 
shown. Regarding the piezoelectric resonator V shown in Fig. 2, the stress in the SiOg film 6 is a compressive stress 
of about 250 MPa or less. 

Table 2 



Structure 

Film thickness ratio 


Characteristics 


Q 


k2 (%) 


Qx k2 


^Znc/^sioa 
= 0.52/0.48 


140 


6.4 


910 


"''znc/^Aiaoa^ Si02 

= 0.47/0.15/0.38 


210 


5.7 


1220 


TznO^ Si02^ AI203 
= 0.47/0.38/0.15 


140 


7.0 


990 



[0064] As is clear from Table 2, the value of Q x k^ of the three-layer structure of the piezoelectric thin film 10 of 
ZnO, AI2O3 film 7, and Si02 film 6, becomes greater than that of the two-layer structure of the piezoelectric thin film 
of ZnO and Si02 and, therefore, the performance of the resonator is greatly improved. 

[0065] Fig. 4 and Fig. 5 show characteristics of the resonator when the film thickness is changed based on a simu- 
lation performed by the inventors of the present invention. Fig. 4 shows the results with respect to the structure of 
upper electrode / ZnO / lower electrode / Si02 / AI2O3, and Fig. 5 shows the results with respect to the structure of 
upper electrode / ZnO / lower electrode / AI2O3 / SiOg. The calculation is pert omned based on the assumption that the 
upper and lower electrodes sandwiching ZnO are made of Al and the film thicknesses are fixed at about 1 80 nm. Eiach 
drawing shows the calculation result when the film thickness ratio of Si02 to AI2O3 Is changed from 3:1 to 1 :3 in five 
steps while the axis of abscissas indicates the film thickness ratio of ZnO/(Si02 + AI2O3). Regarding graphs shown in 
three columns vertically arranged in Fig. 4 and Fig. 5, the graph in the upper column indicates the relationship between 
the film thickness ratio and Q, the graph in the middle column indicates the relationship between the film thickness 
ratio and k^, and the graph in the lower column indicates the relationship between the film thickness ratio and frequency 
temperature characteristic (TCF). The absolute value of each film thickness is determined such that the frequency 
band of the resonator is about 1 ,900 MHz. 

[0066] The structure of upper electrode / ZnO / lower electrode / SiOg / AI2O3 has the k2 greater than that of the 
structure of upper electrode / ZnO / lower electrode / AI2O3 / Si02. This is because the acoustic impedance of Si02 is 
about 1.3 X 107 (N-s/m^), and is less than about 3.5 x 10^ (N-s/m^) of ZnO and about 3.9 x 10^ (N-s/m^) of AI2O3 
(wherein the value of AI2O3 is the value of a single crystal (sapphire), and the practical value is estimated to be about 
2.3 x 10^ (N-s/m^). Since the interface having a greater difference in impedance is more likely to reflect sound waves, 
the reflection at a ZnO/SiOg interface is increased and, therefore, energy is concentrated on ZnO as a piezoelectric 
film such that the k^ increases. Figs. 6A and 6B show displacement diagrams of vibration, and it is clear that the 
displacement in ZnO is greater than the displacement in Si02. In the diagrams shown in Figs. 6A and 6B, the axis of 
abscissas indicates the vibration portion while the thickness widths of the insulation film, piezoelectric film, and electrode 
film in the thickness direction correspond to the horizontal widths, and the axis of ordinates indicates the displacement 
of vibration. Fig. 6A shows the situation where the lower layer of the insulation film is an AI2O3 film and the upper layer 
of the insulation film is a Si02 film. Fig. 6B shows the situation where the lower layer of the insulation film is a SiOg 
film and the upper layer of the insulation film Is an AI2O3 film. 

[0067] On the other hand, the structure of upper electrode /ZnO / lower electrode / AI2O3 / Si02 has the absolute 
value of the TCF (temperature change rate of frequency) that is less than that of the structure of upper electrode / ZnO 
/lower electrode /Si02 /AI2O3, The temperature coefficients of the materials of ZnO and AI2O3 are negative (frequency 
decreases with increase in temperature), while that of Si02 is positive. Consequently, as is clear from Figs. 6A and 
68, the structure of ZnO / AI2O3 / SiOa exhibiting large displacement in Si02 is significantly affected by the temperature 
coefficient of Si02 and, therefore, the total temperature coefficient shifts in the positive direction (approaches zero). 
[0068] Regarding the optimum film thickness in the structure of upper electrode / ZnO / lower electrode / Si02 / AI2O3, 
the film thickness ratio of ZnO/(Si02 + AlgOg) is about 0.7 to about 1 .2 from the standpoint of an increase in k^, while 
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the ratio is about 0.6 to about 0.8 from the standpoint of an increase in Q. From the standpoint of TCF, the film thickness 
ratio of Si02 : AI2O3 is preferably at least about 1 . However, since a problem of stress balance occurs when the ratio 
is substantially reduced, the film thickness ratio of SiOg : AI2O3 is preferably between about 1 and about 3. 
[0069] Regarding the optimum film thickness in the structure of upper electrode / ZnO / lower electrode / AI2O3 / 

5 SiOg, the film thickness ratio of SiOg : AI2O3 is preferably about 1 or more from the standpoint of reduction of the TCF. 
The dependence on the film thickness of ZnO is small, and the effectiveness is verified in the entire range checked at 
this time. Consequently, the film thickness ratio of ZnO/(Si02 + AI2O3) is about 0.7 to about 1 .2, and the film thickness 
ratio of Si02 : AI2O3 is at least about 1. However, since a problem of stress also occurs here, the film thickness ratio 
of Si02 : AI2O3 is preferably between about 1 and about 3. 

10 [0070] Next, a method for manufacturing this piezoelectric resonator 1 will be described. 

[0071] The Si02 film 6 is formed on the top surface of the substrate 2 by a thermal oxidation method, sputtering 
method, or other suitable method. The opening 5 is formed with respect to the bottom surface of the substrate 2 by 
anisotropic etching, RIE (Reactive Ion Etching), or other suitable method. 

[0072] The AI2O3 film 7 is formed on the Si02 film 6 by a film forming method, for example, an electron beam evap- 
15 oration method and sputtering method. For example, film fomnation of the AI2O3 film 7 is performed by the electron 
beam evaporation method using aluminum oxide as an evaporation source at a film growth rate of about 0.8 nm/sec 
or less. The lower layer electrode 9 Is formed on this AI2O3 film 7 by evaporation, sputtering, or other suitable method. 
The film growth rate of the AI2O3 film 7 is preferably about nm/sec 0.6 to about 1 .0 nnn/sec to improve manufacturing 
efficiency. 

^0 [0073] The piezoelectric thin film 1 0 primarily including ZnO is formed on the lower layer electrode 9 and the AI2O3 
film 7 by a film formation method, for example, sputtering and CVD. For example, a highly oriented film is manufactured 
by an RF sputtering method using a ZnO target at a substrate temperature of about 50**C to about 500^0, an RF power 
of about 300 W to about 1 ^500 W, and a gas pressure of about 0.05 Pa to about 0.8 Pa. The upper layer electrode 8 
is formed on this piezoelectric thin film 10 in a similar manner to that for the lower layer electrode 9. 

25 [0074] In the piezoelectric thin film resonator 1 manufactured as described above, since both the piezoelectric thin 
film 10 primarily including ZnO and the Si02 film 6 are subject to a compressive stress while the AI2O3 film 7 is subject 
to a tensile stress, the stress in the total piezoelectric thin film resonator 1 is greatly reduced and, therefore, failures 
due to cracking of the element are greatly reduced. 

[0075] Furthermore, as shown in Table 3, since AI2O3 has a thennal conductivity greater than Si02, outstanding 
30 heat-dissipation properties and outstanding electric-power resistance are achieved. 



Table 3 





Material 


ZnO 


SiOg 


AI2O3 


35 


Thermal 


0.06 


0.002 to 0.003 


0.04 to 0.08 


conductivity 










(cal/s.cm2.«>C) 









[0076] In the film having no oxygen defect, AI2O3 has a negative temperature coefficient as described above. How- 
40 ever, when AI2O3 has oxygen defect and is in an amorphous state, AI2O3 has a positive temperature coefficient. Con- 
sequently, in another preferred embodiment of the present invention, by providing AI2O3 with oxygen defect, for ex- 
ample, by providing AI2O3 in the amorphous state, the AI2O3 film has a positive temperature coefficient, and can be 
combined with the piezoelectric thin film primarily including ZnO and having a negative temperature coefficient so as 
to achieve an outstanding frequency temperature characteristic. 
45 [0077] Regarding AI2O3 having oxygen defect, the value of defect is preferably within the range of about 0.05 < x < 
about 0.5 in terms of AI2O3.X. 

[0078] In this preferred embodiment, the insulation thin film 3 and the piezoelectric element portion 4 are disposed 
on the opening 5 of the substrate 2. However, as another preferred embodiment of the present invention, the insulation 
thin film 3 and the piezoelectric element portion 4 may be disposed on a concavity 5' of the substrate 2 as shown in Fig. 7. 

50 [0079] It is clear from Fig. 8 and Fig. 9 (showing the measurement results of the experiments performed by the 
inventors of the present invention) that when the arithmetic average surface roughness (Ra) of the lower electrode is 
reduced, the orientation property of the piezoelectric film arranged thereon is greatly improved and outstanding reso- 
nant characteristics are achieved. Here, Fig. 8 shows the relationship between the surface roughness of the lower 
electrode and the rocking curve half-width of the piezoelectric thin film, and Fig. 9 shows the relationship between the 

55 surface roughness of the lower electrode and the O. The Q required for a resonator used for a ladder filter is at least 
about 200, and as shown in Fig. 9, when the arithmetic average surface roughness (Ra) of the lower electrode is about 
2.5 nm or less, the 0 of the resonator is at least about 200. Consequently, in order to produce the resonator having a 
Q of at least about 200 suitable for defining the ladderfilter, the arithmetic average surface roughness (Ra) of the lower 
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electrode must be about 2.5 nm or less. 

[0080] In order to form the lower electrode having an arithmetic average surface roughness (Ra) of about 2.5 nm or 
less, the arithmetic average surface roughness (Ra) of an insulation film to become a substrate thereof must be small. 
As is clearly shown in Rg. 10 (showing the measurement results of the experiments perfomned by the inventors of the 
5 present invention), when the arithmetic average surface roughness (Ra) of the upper layer insulation film is about 1 .0 
nm or less, the arithmetic average surface roughness (Ra) of the lower electrode arranged thereon is about 2.5 nm or 
less. 

[0081] That is, by setting the arithmetic average surface roughness (Ra) of the insulation film to about 1 .0 nm or 
less, the lower electrode having an arithmetic average surface roughness (Ra) of about 2.5 nm or less is produced, 
10 the piezoelectric thin film having high orientation property is produced and, by extension, the resonator having a Q of 
at least about 200 suitable for defining the ladder filter is produced. 

Examples 

15 Film formation method (1 ) for AlgOg 

[0082] The inventors of the present invention perfomned research regarding a film fomiation method for the insulation 
film of AI2O3 having the arithmetic average surface roughness (Ra) of about 1 .0 nm or less. In order to investigate the 
relationship between the film formation rale and the stress and surface roughness of the resulting insulation film, the 

20 inventors of the present invention formed films by an electron beam evaporation method while only the individual film 
formation rates were differentiated and other condition were maintained substantially the same and, thereby, the results 
as shown in Fig. 11 were obtained. As is clear from Fig. 11 , it was verified that the film fomnation rate did not substantially 
affect the stress and surface roughness of the resulting insulation film. Fig. 11 is a graph showing the relationship 
between the film formation rate and the tensile stress and the relationship between the film fonnation rate and the 

25 surface roughness while the axis of abscissas indicates the film formation rate, and the axis of ordinates indicates the 
tensile stress and the surface roughness. 

[0083] Next, the inventors of the present invention fomned films by an electron beam evaporation method as an 
example of the same vacuum evaporation method while only the individual pressures in the film fomnation apparatus 
before starting film formation were differentiated and other conditions were not changed, for example, all of the film 

30 formation rates were about 0.8 nm/sec, and thereby, the results as shown in Fig. 1 2 were obtained. As is clearly shown 
in Fig. 12. when the film formation was performed while the pressure in the film formation apparatus before starting 
film fomnation was less than about 3.0 x 10"* Pa, the insulation film having an arithmetic average surface roughness 
(Ra) of about 1 .0 nm or less were produced. Fig. 1 2 is a graph showing the relationship between the degree of vacuum 
in the apparatus and the tensile stress and the relationship between the film formation rate and the surface roughness 

35 while the axis of abscissas indicates the degree of vacuum on a pressure basis in the apparatus when the vacuum 
evaporation is performed, and the axis of ordinates indicates the tensile stress and the surface roughness. 
[0084] It is considered that this result is brought about by the purity of the film fomned. Regarding particles of AI2O3 
heated and vaporized in a crucible, the purity reaches a maximum value and the particle size reaches a minimum value 
immediately after flying from the crucible. However, when floating impurities are present in the film formation apparatus, 

40 the particles of AI2O3 chemically react with the particles of the impurities before the particles of AI2O3 reach the substrate 
and, as a result, the purity of the resulting film is reduced. Accompanying that, the particle size becomes greater than 
the size at the time of vaporization, and a coarse film, that is, a film having a large arithmetic average surface roughness 
(Ra) is produced. Consequently, it is necessary to reduce impurities floating in the film formation apparatus. The pres- 
sure in the film formation apparatus is affected by the impurities floating in the film fomnation apparatus. Consequently, 

45 when the impurities floating in the film formation apparatus are reduced to the extent that the pressure in the film 
formation apparatus before the start of film fomnation is less than about 3.0 x 1 0-* Pa, the insulation film having a high 
purity and an arithmetic average surface roughness (Ra) of about 1 .0 nm or less is produced. 

[0085] This is not limited to the electron beam evaporation method as long as it is a vacuum evaporation method, 
for example, a resistance heating evaporation method and plasma-ion-assisted evaporation method. 

so 

Film formation method (2) for AI2O3 

[0086] Regarding the piezoelectric resonator according to preferred embodiments of the present invention, a film 
formation method for AI2O3 different from the Film formation method (1) for AI2O3 will be described. Explanation will 
55 be made with reference numerals based on the piezoelectric resonator shown in Fig. 1 . 

[0087] The AI2O3 film 7 as the upper layer insulation film is formed on the lower layer insulation film 6 made of Si02 
and arranged on the top surface of the substrate 2 made of a silicon wafer by an electron beam evaporation method 
at a film thickness growth rate within the range of about 0.6 (nm/sec) to about 1 .0 (nm/sec). 
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[0088] The surface roughness of the AI2O3 film 7 formed by the film formation method is about 0.6 nm on an arithmetic 
average surface roughness (Ra) basis. The stress in this AI2O3 film 7 is a tensile stress of about 300 MPa. 

Film formation method (2) for SiOg 

5 

[0089] Regarding the piezoelectric resonator according to preferred embodiments of the present invention, a film 
fonnation method for Si02 will be described. In this case^ the lower layer of the insulation film is an AlgOsfilm, and a 
film fonnation method in which a film of Si02 is fomried on the AI2O3 film will be explained with reference numerals 
based on the piezoelectric resonator shown in Fig. 2. 

10 [0090] The insulation film 6 primarily including Si02 is formed by an RF magnetron sputtering method on the lower 
layer insulation film 7 made of AI2O3 anranged on the top surface of the substrate 2 made of a silicon wafer. Regarding 
the condition during this film formation, the gas pressure is preferably within the range of about 0.1 to about 0.25 Pa, 
and the power density is within the range of about 2.0 W/cm^ to about 8.5 W/cm^, it is very desirable that the gas 
pressure during film formation is about 0.6 Pa or less. 

15 [0091 ] The surface roughness of the Si02 film 6 formed by the film formation method is about 0.3 nm on an arithmetic 
average surface roughness (Ra) basis. The stress in this insulation film 6 of the piezoelectric resonator 1 is a com- 
pressive stress of about 1 50 MPa. When the tensile stress is assumed to be a positive value, this compressive stress 
has a negative value and, therefore, is about -150 MPa. The stress in the SiOg film 6 fomied as described above is 
preferably about 250 MPa or less. 

20 [0092] When the RF magnetron sputtering method is adopted and the upper layer insulation film of Si02 is formed, 
the surface roughness of the surface of the insulation film is about 1 .0 nm or less on an arithmetic average surface 
roughness (Ra) basis, and the stress therein is reduced in the range of about 250 MPa or less on a compressive stress 
basis. The reasons for this will be described. 

[0093] Regarding the stress, the relationship between the film formation pressure (pressure of the gas) and the stress 
25 has been known. That is, it is a known relationship that when the film formation pressure (pressure of the gas) is 
increased, the compressive stress is reduced, and when the film formation pressure (pressure of the gas) is reduced, 
the compressive stress is increased. Therefore, in order to reduce the compressive stress, the film formation pressure 
(pressure of the gas) is set at a high level. However, when the film formation pressure (pressure of the gas) is set at 
a high level, the surface roughness of the resulting insulation film becomes coarse and, therefore, it is difficult to allow 
30 reduction of surface roughness and reduction of stress to become mutually compatible. This is because when the film 
formation pressure is high, gases during film fomiation generate many gaps in the film and, therefore, the surface tends 
to be roughened. Conversely, when the film fonnation pressure is reduced, a dense film is fonned and the surface 
tends to become smooth. However, high-speed particles become likely to impinge on the film during film formation due 
to the reduced film formation pressure and, therefore, a peening effect occurs, in which such a high-speed particle 
35 enters into a lattice as an interstitial atom. According to this peening effect, cubical expansion of the film occurs, and 
a compressive stress is created in the film. 

[0094] That is, when the gas pressure is high, a scattering probability of the sputtered particles due to the' gas is 
increased and, therefore, the energy of the particle is reduced. Consequently, the influence of the peening effect is 
reduced and the stress in the insulation film is reduced. On the other hand, it is also known that even when the gas 

40 pressure is changed, the film formation rate does not fluctuate to a large degree. Furthemnore, it is known that when 
the RF power is increased during film formation by the RF magnetron sputtering, the film fonnation rate tends to in- 
crease. However, when the film formation rate is increased at the same gas pressure, the peening effect on a unit film 
thickness basis is reduced. That is, since the peening effect is reduced, the stress created in the film is reduced. In 
addition, since the quantity of impurities (for example, film formation gas) entrapped in the film is reduced, the dense 

45 and smooth insulation film is formed. 

[0095] Examples of conventional film formation methods for insulation films of Si02 include a themnal oxidation meth- 
od, low pressure CVD method, sol-gel process, and evaporation method. However, the stress is increased when film 
formation is performed by each and every method. For example, the stress is increased to about 300 MPa to about 
400 MPa in the case of the themnal oxidation method, and to several hundreds of megapascals in the evaporation 

50 method. One of the reasons for the increase of stress in these methods is that the temperature during film fonnation 
is high. The temperature is about 300*'C in the sputtering method, whereas the temperature is about 500''C to about 
800**C in the low pressure CVD method, and is about 1 ,1 OCC in the thennal oxidation method. Therefore, the sputtering 
method produces less thermal stress. Furthermore, regarding the thermal oxidation method, cubical expansion of the 
surface of the film due to Og is brought about and, as a result, the stress is increased. Regarding the sol-gel process, 

55 the firing temperature is high and, in addition, variations in the film thickness are likely to occur due to a property specific 
to this sol-gel process. Consequently, the film surface has poor flatness. 

[0096] On the other hand, regarding the RF magnetron sputtering method, an insulation film that is subjected to a 
reduced stress and having an arithmetic average surface roughness of the film surface of about 1.0 nm or less is 
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formed by adjusting the RF power density. Furthermore, when the power of the RF magnetron sputtering is increased, 
defects in the film are reduced and, therefore, a dense film is produced. As is clear from Fig. 13, when the RF power 
density indicated by the axis of abscissas is in the vicinity of about 2 (W/cm^), the stress in the insulation film (formed 
from silicon oxide) indicated by the axis of ordinates exceeds about 200 MPa in some degree, whereas when the RF 

5 power density is about 6 (W/cm^) to about 9 (W/cm^), the stress is reduced to close to about 1 50 MPa. As is clear from 
Fig. 14, when the RF power density indicated by the axis of abscissas is in the vicinity of about 2 (W/cm^), the arithmetic 
average surface roughness of the insulation film surface indicated by the axis of ordinates is about 1 .0 nm, whereas 
when the RF power density is in the vicinity of about 8 (W/cm^), the surface roughness is about 0.3 nm. That is, when 
the RF power density is about 2 (W/cm^) or more, the arithmetic average surface roughness (Ra) of the insulation film 

10 surface made of SiOg is about 1 .0 nm or less. On the other hand, when the RF power density is increased to more 
than about 8.5 (W/cm^), a target becomes likely to crack and, therefore, film formation is adversely affected. Conse- 
quently, the RF power density is preferably set to about 8.5 (W/cm?) or less. 

[0097] As a result, flattening of the surface Is Increased, entrapment of gas molecules, for example, argon, in the 
insulation film due to the peening effect is reduced and, therefore, cubical expansion due to the entrapment of gas 
15 molecules is reduced. Consequently, the insulation film having a reduced stress is produced. 

[0098] For reference purposes. Fig. 15 shows that the Q as a resonant characteristic is improved with increases in 
the RF power density. 

[0099] Next, prevention of oxidation of the lower electrode surface will be described. When a metal, for example, Al 
that is likely to be oxidized is used for the lower electrode 9, Al is oxidized during film formation of the piezoelectric 

20 thin film 10, the surface of the lower electrode 9 becomes aluminum oxide and, therefore, the orientation property of 
the piezoelectric thin film 10 arranged on the lower electrode 9 is deteriorated. Even when the lower electrode 9 having 
a small arithmetic average surface roughness (Ra) is formed, degradation of the orientation property of the piezoelectric 
thin film 1 0 occurs when the surface of the lower electrode 9 is oxidized. The same Is true for the case where Nl, Fe, 
Mn, Cu, Ti, Mo, W, Ta, or Ag is used for the lower electrode. 

25 [0100] Then, anti-oxidation film is formed on the lower electrode (refer to Fig. 1 6). The anti-oxidation film 9a is made 
of a metal, for example, Au, Ru, Rh. Pd, Os, Ir, and Pt, that is unlikely to oxidize. It is essential that the anti-oxidation 
film 9a has a thickness that Is adequate to prevent oxidation of the lower electrode 9, and the thickness required is 
about 4 nm to about 30 nm. 

[0101] The anti-oxidation film 9a is formed on the smooth lower electrode 9 and, therefore, becomes a smooth film 
30 similar to the lower electrode 9. Consequently, the piezoelectric thin film 1 0 arranged on the anti-oxidation film 9a has 
outstanding orientation properties. 

[01 02] When Al is used for the lower electrode 9 and Au Is used for the anti-oxidation film 9a, mutual diffusion occurs 
between Au and Al and, therefore, the surface of the anti-oxidation film 9a made of Au is not smooth. Consequently, 
when Al is used for the lower electrode 9 and Au is used for the anti-oxidation film 9a, preferably, a diffusion prevention 
35 film 9b is formed between the lower electrode 9 and the anti-oxidation film 9a (referto Fig. 1 7). The diffusion prevention 
film 9b is made of a metal primarily including any one selected from the group consisting of Ag, Ru, Rh, Pd, Os, Ir, Pt, 
Mo, and Ti, and it is essential that the diffusion prevention film 9b has a thickness that Is adequate to prevent mutual 
diffusion between Au and Al, and the required thickness is about 4 nm to about 30 nm. 

[0103] The piezoelectric resonator of various preferred embodiments of the present invention can be incorporated 
40, into a n type, L type, and T type ladder fillers shown in Figs. 18A, 18B, and 18C, respectively, and outstanding filter 
characteristics are achieved. 

[0104] The piezoelectric resonator according to preferred embodiments of the present invention may be used for a 
duplexer 11 as shown in Fig. 19, and furthermore, may be mounted on a cellular phone and other communication 
apparatuses, and may be used for electronic communication operations such that the operation characteristics thereof 
45 are stabilized. 

Second Preferred Embodiment 

[0105] A piezoelectric resonator according to a second preferred embodiment of the present invention will be de- 
50 scribed with reference to Fig. 20. This piezoelectric resonator 101 includes a substrate 102. opening 103, Insulation 

film 104, lower electrode 105, piezoelectric thin film 106, and upper electrode 107. 

[0106] The substrate 102 is made of a semiconductor substrate, for example, a silicon wafer. The opening 103 Is 
formed by, for example, anisotropic etching, with respect to the bottom surface side of the substrate 1 02. The insulation 
film 104 is a film which is formed from, for example, silicon oxide (SiOg), on the top surface side of the substrate 102 
55 and which has an electrically insulating property. The lower electrode 105 Is a film fomried on the insulation film 104 
from an appropriate electrode material, for example, aluminum, into a predetermined pattern. The piezoelectric thin 
film 106 is a piezoelectric film formed on the top surface of a portion of the lower electrode 105 and insulation film 104 
from, for example, zinc oxide (ZnO) as a primary component. The upper electrode 107 is a film formed on the piezo- 



13 



BNSDOCID: <EP 1 326332A2_L> 



EP 1 326 332 A2 



electric thin film 106 from an appropriate electrode material, for example, aluminum, into a predetermined pattern. The 
lower electrode 105 and the upper electrode 107 are configured to sandwich the piezoelectric thin film 106 in the 
condition that a portion of them are facing each other in the thickness direction. A piezoelectric vibration portion 108 
is defined by the lower electrode 105, upper electrode 107, and piezoelectric thin film 106 as described above. 
5 [0107] The piezoelectric vibration portion 1 08 is configured so as to vibrate in a thickness longitudinal vibration mode 
by, for example, a high-frequency electric signal applied to the lower electrode 105 and the upper electrode 107. The 
insulation film 104 covering the opening 103 defines a diaphragm 109 and supports the piezoelectric vibration portion 
108. 

[0108] It Is clear from Fig. 21 and Rg. 22 that when the arithmetic average surface roughness (Ra) of the lower 
10 electrode is reduced, the orientation property of the piezoelectric film arranged thereon is improved and, therefore, 
outstanding resonant characteristics are achieved. The Q required for a resonator used for a ladder filter is at least 
about 200, and as shown in Fig. 22, when the arithmetic average surface roughness (Ra) of the lower electrode is 
about 2.5 nm or less, the Q of the resonator is about 200 or more. Consequently, in order to produce the resonator 
having a Q of at least about 200 suitable for defining the ladder filter, the arithmetic average surface roughness (Ra) 
15 of the lower electrode must be about 2.5 nm or less. 

[0109] In order to form the lower electrode having an arithmetic average surface roughness (Ra) of about 2.5 nm or 
less, the arithmetic average surface roughness (Ra) of an insulation film defining a substrate thereof must be small. 
As is clearly shown In Fig. 23, when the arithmetic average surface roughness (Ra) of the Insulation film is about 1 .0 
nm or less, the arithmetic average surface roughness (Ra) of the lower electrode arranged thereon is about 2.5 nm or 
20 less. 

[0110] That is, by setting the arithmetic average surface roughness (Ra) of the insulation film to be about 1 .0 nm or 
less, the lower electrode having an arithmetic average surface roughness (Ra) of about 2.5 nm or less is produced, 
the piezoelectric thin film having high orientation properties is produced and, by extension, the resonator having a Q 
of at least about 200 suitable for defining the ladder filter is produced. 

25 [0111] A method for manufacturing the piezoelectric resonator 101 will be described with reference to Figs. 24A to 
24F. Initially, as shown in Fig. 24A, the substrate 2 made of a silicon wafer is prepared. Subsequently, as shown in Fig. 
24B, the insulation film 1 04 primarily including silicon oxide (Si02) is formed on the substrate 1 02 by an RF magnetron 
sputtering method. This film formation step is the first step in the method for manufacturing the piezoelectric resonator 
including the insulation film primarily including silicon oxide. Regarding the condition during this film formation, the gas 

30 pressure is about 0.1 Pa to about 0.25 Pa, and the power density is about 2.0 W/cm^ to about 8.5 W/cm^, Subsequently, 
as shown in Fig. 24C, a photoresist is patterned on the insulation film 1 04 by photolithography, and a film of the lower 
electrode 105 made of aluminum is fonned by evaporation, sputtering, or other suitable method, from above this pho- 
toresist. After this film formation, the photoresist is lifted off. The pressure during film formation of the insulation film 
104 is preferably about 0.1 Pa to about 0.25 Pa as described above. However, it is preferably about 0.6 Pa or less. 

35 [0112] Next, as shown in Fig. 24D, the piezoelectric thin film 106 primarily including zinc oxide (ZnO) is formed In 
the desired range on the insulation film 1 04 and the lower electrode 1 05 by sputtering while masking is perfomned with 
a metal mask, although not shown in the drawing. This film fonnation step is the second step in the method for man- 
ufacturing the piezoelectric resonator including the insulation film primarily including silicon oxide. Subsequently, as 
shown in Fig. 24E, a photoresist is patterned on the piezoelectric thin film 106 by photolithography, and a film of the 

40 upper electrode 1 07 made of aluminum (Al) Is formed while facing a portion of the lower electrode 1 05 in the thickness 
direction by evaporation, sputtering, or other suitable method, from above this photoresist. Subsequently, films of elec- 
trode pads, although not shown in the drawing, are formed and, thereafter, the photoresist is lifted off. 
[0113] Finally, as shown In Fig. 24E, the opening 103 Is formed by performing an anisotropic etching treatment with 
respect to the back side of the substrate 102. In this case, the opening 103 is formed such that the top surface of the 

45 opening 103 extends to the insulation film 1 04. 

[0114] The manufacturing step of the piezoelectric resonator according to preferred embodiments of the present 
invention is completed through each of the steps. 

[01 1 5] The surface roughness of the insulation film 1 04 of the piezoelectric resonator 101 manufactured through the 
steps is preferably about 0.3 nm on an arithmetic average surface roughness (Ra) basis. The stress in this insulation 

50 film 104 of the piezoelectric resonator 101 is a compressive stress of about 150 MPa. When the tensile stress Is a 
positive value, this compressive stress shows a negative value and, therefore, is about -150 MPa. 
[0116] When the RF magnetron sputtering method is adopted and the insulation film made of SlOg is formed, the 
surface roughness of the surface of the insulation film is about 1.0 nm or less on an arithmetic average surface rough- 
ness (Ra) basis, and the stress is reduced such that the stress is within the range of about 250 MPa or less on a 

55 compressive stress basis. The reasons for this will be described below. 

[01 1 7] Regarding the stress, the relationship between the film formation pressure (pressure of the gas) and the stress 
is known. That iS: it Is a known relationship that when the film formation pressure (pressure of the gas) is increased, 
the compressive stress is reduced, and when the film fonnation pressure (pressure of the gas) Is reduced, the com- 
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pressive stress is increased. Therefore, in order to reduce the compressive stress, the film formation pressure (pressure 
of the gas) is set at a high level. However, when the film formation pressure (pressure of the gas) is set at a high level, 
the surface roughness of the resulting insulation film increases and, therefore, it is difficult to reduce the surface rough- 
ness and reduce of stress to be mutually compatible. This is because when the film formation pressure is high, gases 

5 during the film formation generate many gaps in the film and, therefore, the surface is roughened. Conversely, when 
the film formation pressure is reduced, a dense film is formed and the surface becomes smooth. However, high-speed 
particles are likely to impinge on the film during the film formation due to the reduced film formation pressure and, 
therefore, a peening effect occurs, in which such a high-speed particle enters into a lattice as an interstitial atom. 
According to this peening effect, cubical expansion of the film occurs, and a compressive stress is created in the film. 

10 [0118] That is. when the gas pressure is high, a scattering probability of the sputtered particles due to the gas is 
increased and, therefore, the energy of the particle is reduced. Consequently the influence of the peening effect is 
reduced and the stress in the insulation film is reduced. On the other hand, it is also known that even when the gas 
pressure is changed, the film formation rate does not fluctuate substantially. Furthemiore, it is known that when the 
RF power is increased during filmfonmation by the RF magnetron sputtering, the film f omnation rate increases. However, 

15 when the film formation rate is increased at the same gas pressure, the peening effect on a unit film thickness basis 
is reduced. That is, since the peening effect is reduced, the stress created in the film is reduced. In addition, since the 
quantity of impurities (for example, film formation gas) entrapped in the film is reduced, a dense and smooth insulation 
film is produced. 

[0119] Examples of conventional film fomrialion methods for insulation films of silicon oxide include a thenmal oxida- 
se tion method, low pressure CVD method, sol-gel process, and evaporation method. However, the stress is increased 
when film formation is perfomned by each and every method. For example, the stress is increased to about 300 MPa 
to about 400 MPa in the case of the thermal oxidation method, and to several hundreds of megapascals in the evap- 
oration method. One of the reasons for the increase of stress in these methods is that the temperature during film 
formation is high. The temperature is about 300*»C in the sputtering method, whereas the temperature is about 500**C 
25 to about 800*^0 in the low pressure CVD method, and is about 1 ,1 00°C in the thermal oxidation method and, therefore, 
the sputtering method produces less thermal stress. Furthermore, regarding the thermal oxidation method, cubical 
expansion of the surface of the film due to Og is produced and, as a result, the stress is increased. Regarding the sol- 
gel process, the firing temperature is high and, in addition, variations in the film thickness occur due to a property 
specific to this sol-gel process. Consequently, the film surface has reduced flatness. 
30 [0120] On the other hand, regarding the RF magnetron sputtering method, the insulation film subject to a reduced 
stress and having an arithmetic average surface roughness of the film surface of about 1 .0 nm or less is formed by 
adjusting the RF power density. Furthemiore. when the power of the RF magnetron sputtering is increased, defects in 
the film are reduced and, therefore, the dense film is produced. As is clear from Fig. 25, when the RF power density 
indicated by the axis of abscissas is in the vicinity of about 2 (W/cm2), the compressive stress of the insulation film 
35 (fornied from silicon oxide) indicated by the axis of ordinates exceeds 200 MPa, whereas when the RF power density 
is about 6 (W/cm2) to about 9 (W/cm^), the compressive stress is reduced to about 150 MPa. As is clear from Fig. 26, 
when the RF power density indicated by the axis of abscissas is in the vicinity of about 2 (W/cm^), the arithmetic 
average surface roughness of the insulation film surface indicated by the axis of ordinates is about 1 .0 nm, whereas 
when the RF power density is in the vicinity of 8 (W/cm^), the surface roughness is about 0.3 nm. That is, when the 
40 RF power density is about 2 (W/cm2) or more, the arithmetic average surface roughness (Ra) of the insulation film 
surface is about 1 .0 nm or less. On the other hand, when the RF power density is increased to more than about 8.5 
(W/cm2), a target is likely to crack and, therefore, film fonnatlon is adversely affected. Consequently, the RF power 
density is preferably set to about 8.5 (W/cm^) or less. 

[0121] As a result, the flatness of the surface is increased, entrapment of gas molecules, for example, argon, into 
45 the insulation film due to the peening effect is reduced and, therefore, cubical expansion due to the entrapment of gas 

molecules is reduced. Consequently, the insulation film subject to a reduced stress is produced. 

[0122] For reference purposes, Fig. 27 shows that the Q as a resonant characteristic is improved with increases in 

the RF power density. Fig. 28 shows that the Q as a resonant characteristic is improved and the stress in the insulation 

film is reduced with decreases in the surface roughness. 
50 [0123] In the case where the insulation film is a layer of silicon oxide (Si02) and the piezoelectric thin film of zinc 

oxide (ZnO) is laminated on the insulation film as in the second preferred embodiment, since both of the insulation film 

and the piezoelectric thin film have a compressive stress, the stress in the diaphragm 109 and the total piezoelectric 

vibration portion 108 is reduced when the stress in the insulation film is reduced. 

55 Third Preferred Embodiment 

[0124] The third preferred embodiment of the present invention will be described with reference to Fig. 29 to Fig. 31 . 
[01 25] The inventors of the present invention perfomned research regarding a film formation method for the insulation 
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film of AI2O3 having an arithmetic average surface roughness (Ra) of about 1 .0 nm or less. In order to investigate the 
relationship between the film formation rate (film thickness growth rate) and the stress and surface roughness of the 
resulting insulation film, films were formed by an electron beam evaporation method while only the individual film 
formation rates were differentiated and other condition were not substantially changed and. thereby, the results as 
5 shown in Fig. 29 were obtained. As is clear from Fig. 29, it was verified that the film fonmation rate does not substantially 
affect the stress and surface roughness of the resulting insulation film. 

[0126] Next, films were formed by the same electron beam evaporation method while only the individual pressures 
in the film formation apparatus before the start of film formation were differentiated and other conditions were not 
substantially changed, for example, all of the film formation rates were about 0.8 nm/sec, and thereby, the results as 
10 shown in Fig. 30 were obtained. As is clearly shown in Fig. 30, when the film formation was performed while the pressure 
in the film formation apparatus before start of film formation was less than about 3.0 x ^0'^ Pa, the insulation film 
having an arithmetic average surface roughness (Ra) of about 1 .0 nm or less was produced. 

[0127] It is considered that this result is brought about by the purity of the film formed. Regarding particles of AI2O3 
heated and vaporized In a crucible, the purity reaches a maximum value and the particle size reaches a minimum value 

15 immediately afterf lying from the crucible. However, when floating impurities are present in the film formation apparatus, 
the particles of AlgOg may chemically react with the particles of the impurities before the particles of AlgOg reach the 
substrate and, as a result, the purity of the resulting film Is reduced. Accompanying that, the particle size becomes 
greater than that at the time of vaporization, and a coarse film, that Is, a film having a large arithmetic average surface 
roughness (Ra) is produced. Consequently, it is necessary to reduce impurities floating in the film formation apparatus. 

20 The pressure in the film formation apparatus is affected by the impurities floating in the film formation apparatus. Since 
the ratio of impurities floating in the film formation apparatus is reduced with a decrease in the pressure in the film 
formation apparatus, when the impurities floating in the film formation apparatus are reduced to the degree that the 
pressure in the film formation apparatus before the start of film formation is less than about 3.0 x 10-^ Pa, the insulation 
film having a high purity and an arithmetic average surface roughness (Ra) of about 1 .0 nm or less is produced. 

25 [0128] This is not limited to the electron beam evaporation method as long as it is a vacuum evaporation method, 
for example, a resistance heating evaporation method and plasma-ion-asslsted evaporation method. 
[0129] An example of the piezoelectric resonator including an insulation film primarily including aluminum oxide is 
shown in Fig. 31 . Fig. 31 is a vertical front view showing the structure of a piezoelectric resonator. In this piezoelectric 
resonator 111, an insulation film 114 made of aluminum oxide (AlgOg), a lower electrode 115 made of aluminum, a 

30 piezoelectric thin film 116 primarily including zinc oxide (ZnO). and an upper electrode 117 made of aluminum are 
arranged sequentially on a silicon substrate 112. The lower electrode 115 and the upper electrode 117 are arranged 
to sandwich the piezoelectric thin film 1 1 6 such that a portion of the lower electrode 1 1 5 and the upper electrode 117 
are facing each other in the thickness direction. A piezoelectric vibration portion 118 is defined by the sandwiched 
portion of this piezoelectric thin film 116 and the lower electrode 115 and upper electrode 117 sandwiching it. This 

35 piezoelectric vibration portion 1 1 8 is configured to vibrate in a thickness longitudinal vibration mode by an electric signal 
through the lower electrode 1 1 5 and the upper electrode 1 1 7. An opening 1 1 3 is arranged underneath the piezoelectric 
vibration portion 118 by anisotropic etching or reactive ion etching. A portion of the insulation film 114 covering the 
opening 113 defines a diaphragm 119 supporting this piezoelectric vibration portion 118 such that the piezoelectric 
vibration portion 118 can vibrate. 

40 [0130] Next, a method for manufacturing this piezoelectric resonator 111 will be briefly described step by step. 

[0131] The substrate 112 made of a silicon wafer is prepared. The insulation film 114 is formed on the substrate 112 
by an electron beam evaporation method at a film thickness growth rate within the range of about 0.6 (nm/sec) to about 
1.0 (nm/sec). This film formation step is the first step in the method for manufacturing the piezoelectric resonator 
including the insulation film primarily containing aluminum oxide. The lower electrode 115 made of aluminum (Al) Is 

^5 formed on this insulation film 114 by a lift-off evaporation method, or other suitable method. After this film formation, a 
photoresist is lifted off. The piezoelectric thin film 1 1 6 primarily including zinc oxide (ZnO) is formed in a predetermined 
region on the insulation film 114 and the lower electrode 115 by reactive sputtering while masking is performed with a 
metal mask, although not shown in the drawing. This film formation step is the second step in the method for manu- 
facturing the piezoelectric resonator including the insulation film primarily containing aluminum oxide. A film of the 

50 upper electrode 117 made of aluminum (Al) is formed on the piezoelectric thin film 116, while facing a portion of the 
lower electrode 115 in the thickness direction by evaporation, sputtering, or other suitable method. Subsequently, films 
of electrode pads, although not shown in the drawing, are fonned and, thereafter, the photoresist is lifted off. The 
opening 1 1 3 is formed by performing an anisotropic etching treatment on the back surface of the substrate 112. In this 
case, the opening 113 is formed such that the ceiling surface of the opening 113 extends to the insulation film 114. 

55 [0132] The surface roughness of the insulation film 114 of the piezoelectric resonator 11 1 manufactured by the steps 
is about 0.6 nm on an arithmetic average surface roughness (Ra) basis. The stress in this insulation film 114 of the 
piezoelectric resonator 111 is a tensile stress of at least about 300 MPa. 

[0133] Regarding the piezoelectric resonator of the present preferred embodiment, since aluminum oxide has a 
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tensile stress in contrast to 7inc oxide, the stress of the total element is reduced, the element is unlikely to break and, 
therefore, reliability is improved. The resonant characteristics of the laminated electrode films, piezoelectric thin film, 
and piezoelectric resonator are improved. 

[01 34] In the case where the insulation film is a layer of aluminum oxide (AI2O3) and the piezoelectric thin film of zinc 
5 oxide (ZnO) is laminated on the insulation film as in the third preferred embodiment, since the insulation film has a 
tensile stress and the piezoelectric thin film has a compressive stress, these stresses are adjusted to cancel each 
other, the stress in the diaphragm 109 and the total piezoelectric vibration portion 118 is greatly reduced. 
[0135] When a metal, for example, Al, likely to be oxidized Is used for the lower electrode. Al is oxidized during film 
fomnation of the piezoelectric thin film, the surface of the lower electrode becomes aluminum oxide and, therefore, the 
10 orientation property of the piezoelectric thin film arranged on the lower electrode is deteriorated. Even when the lower 
electrode having a small arithmetic average surface roughness (Ra) is formed, degradation of the orientation property 
of the piezoelectric thin film occurs when the surface of the lower electrode is oxidized. The same is true for the case 
where the lower electrode made of a metal primarily containing Ni, Fe, Mn, Cu, Ti, Mo, W, Ta, or Ag other than Al. 
[0136] Then an anti-oxidation film is formed on the lower electrode (refer to Fig. 114). The anti-oxidation film Is made 
15 of a metal primarily including, for example, Au, Ru, Rh, Pd, Os, Ir, and Pt, that is unlikely to oxidize. It is essential that 
the anti-oxidation film has a thickness adequate to prevent oxidation of the lower electrode, and the thickness required 
is about 4 nm to about 30 nm. 

[01 37] The anti-oxidation film is f onned on the smooth lower electrode and, therefore, becomes a smooth film similar 
to the lower electrode. Consequently, the piezoelectric thin film arranged on the anti-oxidation film has outstanding 
20 orientation property. 

[0138] When Ai is used for the lower electrode and Au is used for the anti-oxidation film, mutual diffusion occurs 
between Au and Al and, therefore, the surface of the anti-oxidation film made of Au is not smooth. Consequently, when 
Al is used for the lower electrode and Au is used for the anti-oxidation film, preferably, a diffusion prevention film is 
formed between the lower electrode and the anti-oxidation film (refer to Fig. 33). The diffusion prevention film is made 
25 of a metal primarily including any one selected from the group consisting of Ag, Ru, Rh, Pd, Os, Ir, Pt, Mo, and Ti. and 
it is essential that the diffusion prevention film has a thickness adequate to prevent mutual diffusion between Au and 
Al, and the required thickness is about 4 nm to average surface roughnessi 01 average surface roughnessaverage 
surface roughnessaverage surface roughnessaverage surface roughnessaverage surface roughnessabout 30 nm. 

30 Fourth Preferred Embodiment 

[0139] Fig. 34 to Fig. 36 show a piezoelectric filter including the piezoelectric resonator of the second preferred 
embodiment of the present invention. This piezoelectric filter has a ladder type configuration. Fig. 34 is a schematic 
plan view showing the piezoelectric filter, Fig. 35 is a sectional view of the sectiog indicated by a line A-A of the pie- 

35 zoelectric filter shown in Fig. 34, and Fig. 36 is a circuit diagram of the piezoelectric filter shown in Fig. 34. 

[0140] As is clearfy shown in Fig. 34 to Fig. 36, a piezoelectric filter 121 defined by a L type ladder filter includes a 
substrate 122 made of a silicon wafer, an opening 123 arranged in the substrate 122, an insulation film made of silicon 
oxide (SiOg), lower electrodes 125a and 125b made of aluminum, a piezoelectric thin film 126 primarily containing zinc 
oxide (ZnO), and an upper electrode 127 made of aluminum. The lower electrode 125a, the upper electrode 127. and 

40 the portion of the piezoelectric thin film 1 26 sandwiched between the two electrodes 1 25a and 1 27 define a piezoelectric 
vibration portion 128a which is a series piezoelectric resonator The lower electrode 125b, the upper electrode 127, 
and the portion of the piezoelectric thin film 126 sandwiched between the two electrodes 125b and 127 define a pie- 
zoelectric vibration portion 128b which is a parallel piezoelectric resonator. The portion of the insulation film 124 cov- 
ering the opening 123 defines a diaphragm 129 supporting the piezoelectric vibration portions 128a and 128b such 

45 that these piezoelectric vibration portions 1 28a and 1 28b can vibrate. 

[0141] Next, a process for manufacturing the piezoelectric filter 121 will be briefly described step by step. 
[0142] The substrate 122 made of a silicon wafer is prepared. The insulation film 124 primarily including silicon oxide 
(Si02) is formed on the substrate 122 by an RF magnetron sputtering method. Regarding the condition during this film 
formation, similarly to that in the second preferred embodiment, the gas pressure is within the range of about 0.1 Pa 

50 to about 0.25 Pa, and the power density is within the range of about 2.0 (W/cm^) to about 8.5 (W/cm^). A photoresist 
is patterned on this insulation film 124 by photolithography, and films of the lower electrode 125a and 125b made of 
aluminum (Al) are formed by evaporation, sputtering, or other suitable method, from above this photoresist. After this 
film formation, the photoresist is lifted off. The piezoelectric thin film 126 primarily including zinc oxide (ZnO) is formed 
in a predetermined region on the insulation film 124 and the lower electrodes 125a and 125b by sputtering while 

55 masking is perfomned with a metal mask. A photoresist is patterned on the piezoelectric thin film 126, by photolithog- 
raphy, and a film of the upper electrode 1 27 made of aluminum (Al) is fomned to face a portion of the lower electrodes 
125a and 125b in the thickness direction by evaporation, sputtering, or other suitable method, from above this pho- 
toresist. Subsequently, films of electrode pads are formed and, thereafter, the photoresist is lifted off. The opening 123 



17 



BNSDOCID: <EP 1326332A2_L> 



EP 1 326 332 A2 



is formed by performing an anisotropic etching treatment on to the back side of the substrate 122. In this case, the 
opening 123 is fomned such that the top surface of the opening 123 extends to the insulation film 124. The primary 
manufacturing step of the piezoelectric resonator according to preferred embodiments of the present invention is com- 
pleted through the steps described above. 

5 [01 43] The surface roughness of the insulation film 1 24 of the piezoelectric resonator 121 manufactured through the 
above-described steps is preferably about 0.3 nm on an arithmetic average surface roughness (Ra) basis. The stress 
in this insulation film 1 24 of the piezoelectric resonator 1 21 is a compressive stress of about 1 50 MPa. When the tensile 
stress is a positive value, this compressive stress shows a negative value and. therefore, is about -150 MPa. 
[0144] Examples of other ladder type piezoelectric filters include, for example, those shown In Fig. 37 and Fig. 38. 

10 The filter shown in Fig. 37 is a T type piezoelectric filter provided with one parallel piezoelectric resonator disposed 
between two series piezoelectric resonators. Each piezoelectric resonator has an insulation film structure simitar to 
that of the piezoelectric resonator 1 shown in the second preferred embodiment and that of the piezoelectric resonator 
I )wn in the fourth preferred embodiment. 

[0'45] The filter shown in Fig. 38 is a ji type piezoelectric filter provided with one series piezoelectric resonator 
15 disposed between two parallel piezoelectric resonators. Each piezoelectric resonator has an insulation film structure 
similar to that of the piezoelectric resonator 1 01 shown in the second preferred embodiment and that of the piezoelectric 
resonator shown in the fourth preferred embodiment. 

Fifth Prefen^ed Embodiment 

20 

[0146] Fig. 39 shows a duplexer 131 including the piezoelectric resonator according to a preferred embodiment of 
the present invention. This duplexer 131 is provided with an antenna terminal 132, receiving side terminal 133, and a 
sending side terminal 134. This duplexer 131 is configured to include the piezoelectric resonator 135 or piezoelectric 
filter 136 according to preferred embodiments of the present invention, which permits passage of only high-frequency 
25 signals in a required frequency band, between the receiving side terminal 133 and the antenna terminal 132 and 
between the sending side terminal 134 and the antenna terminal 132. 

Sixth Preferred Embodiment) 

30 [0147] Fig. 40 shows a communication apparatus 141. This communication apparatus is, for example, a cellular 

phone. 

[0148] This communication apparatus is provided with a receive circuit 142 arranged in a main body, a send circuit 
143, and an antenna 144. Signals are transmitted between the antenna 144 and the receive circuit 142 and between 
the antenna 144 and the send circuit 143 through the duplexer 131 as shown in the fifth preferred. embodiment. Con- 
35 sequently, by the piezoelectric resonator or piezoelectric filter according to preferred embodiments of the present in- 
vention included in this duplexer 1 31 as a circuit element, the operating characteristics of this communication apparatus 
141 are stabilized and, in addition, selecting and switching of the sending signal and receiving signal are efficiently 
and effectively performed. 

[0149] The present invention is not limited to that described as the preferred embodiments above, and may be mod- 

40 ified examples and application examples, such as described below. 

[0150] Fig. 41 shows a modified example of the piezoelectric resonator. In this piezoelectric resonator 151, a con- 
cavity 153 extending downward is arranged on the top surface side of a silicon substrate 152 and, in addition, an 
insulation film 154 made of silicon oxide (SiOg) is arranged to cover the top surface of the silicon substrate 152 and 
the concavity 153 thereof. A lower electrode 155 made of aluminum is arranged with a predetermined pattern on this 

45 insulation film 154. A piezoelectric thin film 156 made of zinc oxide (ZnO) is arranged on this lower electrode 155 and 
the insulation film 154. A film of an upper electrode 157 made of aluminum is provided on this piezoelectric thin film 

156 and overlaps with the lower electrode 155 in the thickness direcUon. The lower electrode 155 and the upper elec- 
trode 1 57 facing each other and a portion of the piezoelectric thin film 1 56 sandwiched by the two electrodes 1 55 and 

1 57 constitute a piezoelectric vibration portion 1 58. A portion of the insulation film 1 54 covering the opening 1 53 defines 
50 a diaphragm 159 supporting this piezoelectric vibration portion 158 such that the piezoelectric vibration portion 158 

can vibrate. 

[0151] The insulation film 154 is made of silicon oxide (SiOg) as a primary component by an RF magnetron sputtering 
method. Similar to the method for manufacturing the second preferred embodiment, the gas pressure is within the 
range of about 0.1 Pa to about 0.25 Pa, and the power density is within the range of about 2.0 (W/cm^) to about 8.5 
55 (W/cm^). Accordingly, the surface roughness of the insulation film 1 54 is about 0.3 nm on an arithmetic average surface 
roughness (Ra) basis. The stress in this insulation film 154 of the piezoelectric resonator 151 is a compressive stress 
of about 150 MPa. 

[0152] The piezoelectric thin film may be composed of aluminum nitride (AIN) as a primary component. 
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[0153] It is essential that the thin film portion sandwiched between the upper electrode and the lower electrode so 
as to define the vibration portion is composed of at least one layer of piezoelectric thin film, and at least two layers of 
the piezoelectric thin films may be laminated, or an insulation layer, other than the piezoelectric thin film may be included. 
[0154] The piezoelectric resonator may be an element vibrates in a thickness shear vibration mode. 
5 [01 55] While preferred embodiments of the invention have been described above, it is to be understood that variations 
and modifications will be apparent to those skilled in the art without departing the scope and spirit of the invention. The 
scope of the invention, therefore, is to be determined solely by the following claims. 



10 Claims 

1 . A piezoelectric resonator (1 ; 1 01 ; 11 1 ; 1 21 ; 1 51 ) comprising: 

a substrate (2; 102; 112: 122; 152); and 

15 a vibration portion (4; 108; 118; 128 a; 158) provided on the substrate (2; 102; 112; 122; 152), the vibration 

portion {4; 108; 118; 128 a; 158) including a thin film portion in which top and bouom surfaces of the thin film 
portion includes at least one layer of piezoelectric thin film (10; 106; 116; 126; 156) sandwk:hed between at 
least a pair of upper (8; 107; 117; 127) and lower (9; 105; 119; 125 a, 125 b; 155; 157) electrodes facing each 
other in a thickness direction of the thin film portion; wherein 

20 first (6) and second (7) insulation films arranged between the substrate and the vibration portion (4 108; 118; 

128 a; 158); and 

a temperature coefficient of resonant frequency of one of the first insulation film (6), the second insulation film 
(7), andthepiezoelectricthin film(10; 106; 116; 126; 156) and temperature coefficients of resonant frequencies 
of the others of the first insulation film (6), the second insulation film (7), and the piezoelectric thin film (10; 
25 1 06; 1 1 6; 1 26; 1 56) have opposite signs. 

2. The piezoelectric resonator according to Claim 1 , wherein one of the first (6) and second (7) insulation films primarily 
comprises AI2O3. 

30 3. The piezoelectric resonator according to Claim 1 , wherein one (6) of the first and second (7) insulation films primarily 
comprises Si02. 

4. The piezoelectric resonator according to Claim 1, wherein the first insulation film (6) primarily comprises AI2O3 
and the second insulation film (7) primarily comprises SiOg. 

35 

5. The piezoelectric resonator according to Claim 1 , wherein the arithmetic average surface roughness of the lower 
electrode (9; 105; 119; 125 a; 125 b; 155; 157) is about 2.5 nm or less. 

6. The piezoelectric resonator according to Claim 1 , wherein an upper layer of the first (6) and second (7) insulation 
40 films primarily comprises AI203, and the arithmetic average surface roughness thereof is about 1 .0 nm or less. 

7. The piezoelectric resonator according to Claim 1 , wherein an upper layer of the first (6) and second (7) insulation 
films primarily comprises AI2O3, and the stress therein is in a range of about 250 MPa to about 400 M Pa on a 
tensile stress basis. 

45 

8. The piezoelectric resonator according to Claim 1 , wherein an. upper layer of the first (6) and second (7) insulation 
films primarily comprises Si02, and the arithmetic average surface roughness thereof is about 1.0 nm or less. 

9. The piezoelectric resonator according to Claim 1 , wherein an upper layer of the first (6) and second (7) insulation 
so films primarily comprises Si02, and the stress therein is about 250 MPa or less on a compressive stress basis. 

10. The plGzoolcctrlc resonator according to Claim 1 , wherein: 

the first insulation film (6) is an-anged as an upper layer; 
55 the second insulation film (7) is arranged as a lower layer; 

the film thickness ratio of piezoelectric thin film (1 0; 1 06; 1 1 6; 1 26; 1 56) / (the first insulation film (6) and second 
insulation film (7)) is a range of about 0.7 to about 1 .2; and 

the film thickness ratio of the second insulation film (7) / the first insulation film (6) is in a range of-about 1 to 
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about 3. 

11. The piezoelectric resonator according to Claim 1, wherein an anti-oxidation film (9 a) is arranged on the lower 
electrode (9; 105; 119; 125 a; 125 b; 155; 157). 

5 

1 2. The piezoelectric resonator according to Claim 1 1 , wherein the anti-oxidation film (9 a) comprises a metal primarily 
including any one selected from the group consisting of Au. Ru, Rh. Pd, Os. Ir, and R. 

13. The piezoelectric resonator according to Claim 1. wherein the lower electrode (9; 105; 119; 125 a; 125 b; 155; 
10 157) comprises a metal primarily including any one selected from the group consisting of Al, Ni, Fe, Mn, Cu, Ti, 

Mo, W, Ta, and Ag. 

14. The piezoelectric resonator according to Claim 11, wherein: 

15 the anti-oxidation film (9 a) comprises a metal primarily including Au; 

the lower electrode (9; 105; 119; 125 a; 125 b; 155; 157) comprises a metal primarily including Al; and 

a diffusion prevention film is arranged between the anti-oxidation film (9 a) and the lower electrode (9;- 105; 

119; 125 a; 125 b; 155; 157). 

20 15. The piezoelectric resonator according to Claim 14, wherein the diffusion prevention film comprises a metal primarily 
including any one selected from the group consisting of Ag, Ru, Rh, Pd, Os, Ir, R, Mo, and Ti. 

16. The piezoelectric resonator according to Claim 2, wherein AI2O3 in the first (6) or second (7) insulation film com- 
prises an oxygen defect. 

25 

17. The piezoelectric resonator according to Claim 2, wherein AI2O3 in the first (6) or second (7) insulation film com- 
prises an oxygen defect, and the value of the oxygen defect is within the range of about 0.05 < x < about 0.5 in 
terms of Al203,x- 

30 18. The piezoelectric resonator according to Claim 2. wherein AI2O3 in the first (6) or second (7) insulation film is in 
an amorphous state. 

19. The piezoelectric resonator according to Claim 1, wherein the substrate (2; 102; 112; 122; 152) comprises an 
opening (5; 103; 113) oraconcavity (5'; 153) and the vibration portion (4; 108; 118; 128 a; 158) is arranged on the 

35 opening (5; 103; 113) or concavity5'; 153). 

20. The piezoelectric resonator according to Claim 1 , wherein the piezoelectric thin film (10; 106; 116; 126; 156) pri- 
marily comprises ZnO or AIN. 

40 21 . A piezoelectric filter (136) comprising the piezoelectric resonator according to Claim 1 . 

22. A piezoelectric filter (136) having a ladder configuration and including the piezoelectric resonator according to 
Claim 1 . 

"^5 23. A duplexer (131) comprising the piezoelectric resonator (1; 101; 111; 121; 151) according to Claim 1 . 

24. A communication apparatus comprising the piezoelectric resonator (1 ; 101 ; 111 ; 121 ; 151) according to Claim 1 . 

25. A method for manufacturing a piezoelectric resonator (1; 101; 111; 121 ; 151) comprising a substrate (2; 102; 112; 
50 122; 152), first (6) and second (7) insulation films provided on the substrate, wherein the first and second insulation 

films and top and bottom surfaces of a thin film portion including at least one layer of piezoelectric thin film (10; 
106; 116; 126; 156) are sandwiched between at least a pair of upper (8; 107; 117; 127) and lower (9; 105; 119; 
125 a; 125 b; 155; 157) electrodes which face each other in the thickness direction of the thin film, the method 
comprising the step of: 



55 



fonning an insulation film primarily including AI2O3 by a vacuum evaporation method while the pressure in a 
film formation apparatus before starting the film fomriation is less than about 3.0 x 1 0'** Pa, wherein the insu- 
lation film primarily including AI2O3 is an upper layer of the first (6) and second (7) insulation films. 
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26. A method for manufacturing a piezoelectric resonator comprising a substrate (2; 102; 112; 122; 152), first (6) and 
second (7) insulation films provided on the substrate (2; 102; 112; 122; 152). wherein the first (6) and second (7) 
insulation films and top and bottom surfaces of a thin film portion including at least one layer of piezoelectric thin 
film (10; 106; 116; 126; 156) are sandwiched between at least a pair of upper (8; 107; 117; 127) and lower (9; 105; 
1 1 9; 1 25 a; 1 25 b; 1 55; 1 57) electrodes which face each other In the thickness direction of the thin film, the method 
comprising the step of: 

fonming an insulation film primarily including AI2O3 by an electron beam evaporation method at a film thickness 
growth rate of about 0.6 nm/sec to about 1 .0 nm/sec, wherein the insulation film primarily including AI2O3 is 
an upper layer of the first (6) and second (7) insulation films. 

27. A method for manufacturing a piezoelectric resonator comprising a substrate (2; 102; 112; 122; 152), first (6) and 
second (7) insulation films provided on the substrate (2; 102; 112; 122; 152), wherein the first (6) and second (7) 
insulation films and top and bottom surfaces of a thin film portion including at least one layer of piezoelectric thin 
film (10; 106; 116; 126; 156) are sandwiched between at least a pair of upper (8; 107; 117; 127) and lower (9; 105; 
119; 125 a; 125 b; 155; 157) electrodes which face each other in the thickness direction of the thin film, the method 
comprising the step of: 

forming an insulation film primarily including Si02 by an RF magnetron sputtering method while the power 
density is set to about 2.0 W/cm^ to about 8.5 W/cm^, wherein the insulation film primarily including Si02 is 
an upper layer of the first (6) and second (7) insulation films. 

28. The method for manufacturing a piezoelectric resonator according to Claim 27, wherein the gas pressure during 
film fomriation by the RF magnetron sputtering-method is about 0.6 Pa or less. 

29. A piezoelectric resonator, comprising: 

a substrate (2; 102; 112; 122; 152); 

an insulation film (3; 104; 114; 124; 154) provided on the substrate (2; 102; 112; 122; 152); and 
a vibration portion (4; 108; 118; 128 a; 158) provided on the insulation film (3; 104; 114; 124; 154), the vibration 
portion (131) including a thin film portion including at least one layer of piezoelectric thin film (10; 106; 116; 
126; 156) which is sandwiched between at least a pair of upper (8; 107; 117; 127) and lower (9; 105; 119; 125 
a; 125 b; 155; 157) electrodes which face each other in the thickness direction of the thin film; 

wherein an arithmetic average surface roughness of the lower electrode (9; 105; 119; 125 a; 125 b; 155; 
157) is about 2.5 nm or less. 

30. The piezoelectric resonator according to Claim 29, wherein the surface of the insulation film (3; 104; 114; 124; 
154) has an arithmetic average surface roughness of about 1 .0 nm or less and the stress in the Insulation film (3; 
104; 114; 124; 154) is about 250 MPa or less on a compressive stress basis and about 400 MPa or less on a 
tensile stress basis. 

31. The piezoelectric resonator according to Claim 29, wherein the insulation film (3; 104; 114; 124; 154) primarily 
comprises AI2O3, and the arithmetic average surface roughness thereof is about 1 .0 nm or less. 

32. The piezoelectric resonator according to Claim 29, wherein the insulation film (3; 104; 114; 124; 154) primarily 
comprises Si02, and the arithmetic average surface roughness thereof is about 1 .0 nm or less. 

33. The piezoelectric resonator according to Claim 29, wherein the insulation film (3; 104; 114; 124; 154) primarily 
comprises Si02, and the stress therein is about 250 MPa or less on a compressive stress basis. 

34. The piezoelectric resonator according to Claim 29, wherein an anti-oxidation (9 a) film is arranged on the lower 
electrode (9; 105; 119; 125 a; 125 b; 155; 157). 

35. The piezoelectric resonator according to Claim 34, wherein the anti-oxidation film (9 a) comprises a metal primarily 
including any one selected from the group consisting of Au, Ru, Rh, Pd. Os, Ir, and Pt. 

36. The piezoelectric resonator according to Claim 29, wherein the lower electrode (9; 105; 119; 125 a; 125 b; 155; 
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157) comprises a metal primarily including any one selected from the group consisting of Al, Ni, Fe, Mn, Cu, Ti. 
Mo, W, Ta, and Ag. 

37. The piezoelectric resonator according to Claim 34, wherein the anti-oxidation film (9 a) comprises a metal primarily 
5 including Au, the lower electrode (9; 105; 119; 125 a; 125 b; 155; 157) comprises a metal primarily including Al, 

and a diffusion prevention film is arranged between the anti-oxidation film (9 a) and the lower electrode (9; 105; 
119; 125 a; 125 b; 155; 157). 

38. The piezoelectric resonator according to Claim 37, wherein the diffusion prevention film comprises a metal primarily 
10 including any one selected from the group consisting of Ag, Ru, Rh, Pd, Os, Ir, R, Mo, and Ti. 

39. The piezoelectric resonator according to Claim 29, wherein the substrate (2; 102; 112; 122; 152) comprises an 
opening (5; 103; 113) or a concavity (5'; 153), and the vibration portion (4; 108; 118; 128 a; 158) is arranged on 
the opening (5; 103; 113) or concavity (5'; 153). 

15 

40. A piezoelectric filter (136) comprising the piezoelectric resonator according to Claim 29. 

41. A piezoelectric filter (136) comprising a plurality of piezoelectric resonators according to Claim 29, the plurality of 
piezoelectric resonators defining filter elements, wherein the filter elements are connected so as to define a ladder 

20 type configuration. 

42. A duplexer (131 ) comprising the piezoelectric resonator according to Claim 29. 

43. A duplexer (131) comprising the piezoelectric filter (136) according to Claim 40. 

25 

44. A duplexer (131) comprising the piezoelectric filter according to Claim 41 . 

45. A method for manufacturing a piezoelectric resonator comprising a substrate (2; 102; 112; 122; 152), an insulation 
film (3; 104; 114; 124; 154) provided on the substrate (2; 102; 112; 122; 152), and a vibration portion provided on 

30 the insulation film, the vibration portion (4; 108; 118; 128 a; 158) including a thin film portion having top and bottom 

surfaces including at least one layer -of piezoelectric thin film (10; 106; 116; 126; 156) sandwiched between at 
least a pair of upper (8; 1 07; 1 1 7; 1 27) and lower (9; 1 05; 1 1 9; 1 25 a; 1 25 b; 1 55; 1 57) electrodes which face each 
other in the thickness direction of the average surface roughnessthin film, the method comprising: 

35 a first step of forming the insulation film (3; 104; 114; 124; 154) from silicon oxide as a primary component by 

an RF magnetron sputtering method while the power density is within a range of about 2.0 W/cm^ to about 
8,5 W/cm2; and 

a second step of forming the piezoelectric thin film (10; 106; 116; 126; 156) from zinc oxide as a primary 

component. 

40 

46. The method for manufacturing a piezoelectric resonator according to Claim 45, wherein the gas pressure during 
film average surface roughnessformation by the RF magnetron sputtering method is about 0.6 Pa or less. 

47. A method for manufacturing a piezoelectric resonator comprising a substrate (2; 102; 112; 122; 152), first (6) and 
45 second (7) insulation films provided on the substrate (2; 102; 112; 122; 152), and a vibration portion (4; 108; 118; 

128 a; 158) provided on the first (6) and second (7) insulation filnns, the vibration portion (4; 108; 118; 128 a; 158) 
including a thin film portion having top and bottom surfaces including at least one layer of piezoelectric thin film 
(10; 106; 116; 126; 156) sandwiched between at least a pair of upper (8; 107; 117; 127) and lower (9; 105; 119; 
125 a; 125 b; 155; 157) electrode which face each other in the thickness direction of the thin film, the method 
so comprising the step of: 

forming an insulation film (3; 104; 114; 124; 154) primarily including AI2O3 by a vacuum evaporation method 
while the pressure in a film formation apparatus before start of film formation is less than about 3.0 x 10~^ Pa, 

S5 wherein the insulation film (3; 104; 114; 124; 154) primarily including AI2O3 is an upper layer of the first (6) and 

second (7) insulation films. 

48. A method for manufacturing a piezoelectric resonatorcomprising a substrate (2; 102; 112; 122; 152), an insulation 
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film (3; 104; 114; 124; 154) provided on the substrate (2; 102; 112; 122; 152). and a vibration portion (4; 108; 118; 
128 a; 158) provided on the insulation film (3; 104; 114; 124; 154). the vibration portion (4; 108; 118; 128 a; 158) 
including a thin film portion having top and bottom surfaces of including at least one layer of piezoelectric thin film 
(10; 106; 116; 126; 156) sandwiched between at least a pair of upper (6) and lower (7) electrodes facing each 
5 other in the thickness direction, the method comprising: 

a first step of forming the insulation film (3; 104; 114; 124; 154) from aluminum oxide as a primary component 
by an electron beam evaporation method at a film thickness growth rate within the range of about 0.6 nm/sec 
to about 1 .0 nm/sec; and 

10 a second step of forming the piezoelectric thin film (10; 106; 116; 126; 156) from zinc oxide as a primary 

component. 
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FIG. 5 
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